Estimation of the soil-water retention curve, θ(h), on undisturbed soil samples is of paramount 21 importance to characterise the hydraulic behaviour of soils. Moret-Fernández and Latorre (2016) 
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Investigaciones Científicas (CSIC) , PO Box 13034, 50080 Zaragoza, Spain 13 b Instituto Pirenaico de Ecología (CSIC), Av. Montañana 1005, P.O. Box 13.034, 50080 Zaragoza, 14 contact between the nylon mesh of the sorptivimenter and the corresponding mesh located at the 93 bottom of the soil cylinder (e.g. sieved soils). These authors suggested that this problem could be 94 solved by starting the experiment at saturation conditions. This limitation could be solved by the 95 Moret-Fernández and Latorre (2016) method, in which the bottom boundary of the upward 96 infiltration experiments starts at saturation conditions. 97
It is evident from the above literature that the current methods to estimate the water retention curve 98 parameters presents several limitations when applied to undisturbed soil samples. 
For saturated soils, the steady state water flux density, q, into the soil (L T -1 ) (Lichtner et al., 1996) 119 can be expressed as 120
where and H=h+z (L) is the total head, and z is a vertical coordinate (L) positive upward. 122
The unsaturated soil hydraulic properties can be described according to (van Genuchten, 1980) where Se is the effective water content, Ks is the saturated hydraulic conductivity, θs and θr denote the 126 saturated and residual volumetric water content, respectively, and α (L -1 ), n, and m=(1-1/n) are 127 empirical parameters. Under this formulation, van Genuchten (1980) found that the soil diffusivity, 128 D, could be expressed as. 129 Combining Eq. (6) and (7), we obtain 135
Estimation of the water retention curve parameters 138
The estimation of the van Genuchten (1980) soil water retention parameters (α and n) from a single 139 upward infiltration curve measured on a finite soil column required the following steps (Moret-140 Fernández and Latorre, 2016) . 141 -Homogeneous, uniform initial water content close to θr and finite soil core was considered.
142
-An upward infiltration curve made by saturation conditions at the bottom of the soil sample, 143
followed by an overpressure step at the end of the water absorption process, was measured. 144
Because Eq. (1) requires infinite soil columns, only infiltration times between t = 0 and the 145 time just before the wetting front arrives at the top of the soil column were considered. 146 -The Ks was calculated by applying Eq. (3) to the overpressure step measured at the end of the 147 soil wetting process. 148 -By introducing the calculated Ks in Eq. (1), S and β were numerically estimated by minimizing 149 the objective function, Q, that represents the difference between Eq.(1) and the experimental 150 upward infiltration (I) data (Moret-Fernández and Latorre, 2016) : 151 The upward infiltration curve was measured with a sorptivimeter (Moret-Fernández et al., 2016) . 165
This consists in a saturated perforated base of 5 cm-diameter, that accommodates a 5 cm i.d by 5 cm-166 high stainless steel cylinder containing the undisturbed soil sample (Fig. 1) . The bottom of the 167 perforated base is connected to a Mariotte water-supply reservoir (30 cm high and 2.0 cm i.d.). A ± 168 3.44 kPa differential pressure transducer (PT) (Microswitch, Honeywell), connected to a datalogger 169 (CR1000, Campbell Scientist Inc.), was installed at the bottom of the water-supply reservoir (Casey 170 and Derby, 2002) . 171
The sorptivimeter implementation required that the perforated plus the nylon mesh base were 172 previously saturated. The measurement started when the cylinder containing the undisturbed soil 173 sample was placed on the saturated base, and finished when the wetting front arrived at the soil 174 surface. At this time, an overpressure step, ranging between 2 and 12 cm of pressure head from the 175 soil surface, was introduced by raising the water reservoir to a desired height. The saturated hydraulic 176 conductivity was calculated from the overpressure section of the cumulative absorption curve 177 according to Eq.(3). The initial and final water content were gravimetrically measured. Additionally, 178 the final water content was also calculated as the sum of the initial water content plus the water 179 absorbed by the soil at the time that a water sheet is observed on the soil surface. More details of the
Field sampling and method testing 183
The undisturbed cores were collected from consolidated soils located in two different places. Table  217 1. 218
In all cases, the sampling points, which were located on bare soil, were uniformly distributed in the 219 plots. Six undisturbed soil cores were sampled per plot using the core method, with core dimensions 220 of 50 mm internal diameter and 50 mm-high. In the laboratory, soil cores were air dried over several 221 weeks. Once the soil samples were air dried, three replications per soil type and treatment were 222 employed to estimate the α and n with the UP method. The remaining three replications were 223 subsequently employed to estimate the van Genuchten (1980) parameters using TDR-pressure cells 224 (PC) (Moret-Fernández et. al, 2012) . The volumetric water content (θ) in the pressure cell was 225 measured by TDR in the air dry soil, which corresponds to a pressure head (h) of about -166 MPa 226 (Munkolm and Kay, 2002) , at soil water saturation and at pressure heads of -0.5, -1.5, 3-, -10 and -50, 227 kPa. In our case, the θr and θsat corresponded to the air dry soil water content and the water content at where r = αd / αw; and the subscripts d and w, denote drying-and wetting-curve, respectively. In the 245 absence of measured wetting and drying water retention data, the I index was calculated as 246
Gebrenegus and Ghezzehei (2011) 247
As reported by Likos et al. (2014) , no significant influence of the wetting-drying process on the n 249 parameter was considered. 250
The same soil cores used to calculate the soil hydraulic properties were finally dried at 50 ºC for 72 251 12 because of the transformation of gypsum into bassanite or anhydrite at temperatures >50 °C (Herrero 254 et al., 2009) . 255
To compare the effects of the soil type and treatment on the soil hydro-physical properties, analysis 256 of one-way variance (ANOVA) for a completely randomized design was conducted using SPSS (V. 257 13.0) statistical software. The Ks, α and n variable measured from the upward infiltration needed to 258 be normalized with the 10 log transformation. All treatment means were compared using Duncan's 259 multiple range test. 260 261
3.-RESULTS AND DISCUSSION 262
The head losses due to the water flow from the water reservoir to the soprtivimeter calculated 263 according to the sorptivimeter pipes dimensions were negligible (< 0.1 mm). As example, Figure 2  264 shows, for one of the three replications measured in each soil and treatment, the best fitting between 265 experimental and simulated upward infiltration curves and the error maps for the S-β and β-t 266 combinations. In all cases, the results showed an excellent fitting between experimental and 267 simulated upward infiltration curves (R 2 > 0.98), and S-β response surfaces with a unique and well 268 defined minimum. This indicated the upward infiltration times used in the experiments gave accurate 269 estimations of S and β. Similar conclusions were achieved when analysing the t-β response surfaces, 270 where the β value tended to asymptotically coalesce to a unique and well defined value. These results 271 suggested that the 5 cm-high cylinder used in the experiment was long enough for accurate estimates 272 of β. Because the S parameter is accurately derived from the early-time of the upward infiltration 273 (Moret-Fernández and Latorre, 2016), the response surfaces for the t-S combination were not 274 considered in the analysis. The β value was, in all cases, lower than 1.7, which denoted that the 275 model could satisfactorily be used to estimate the soil hydraulic properties (Lassavatere et al., 2009) . 276
Except for the θr, β and n parameters, significant differences between the five different soils were observed for Ks, S, α and θs (Table 2) . Overall, the Ks and S values measured from the upward 278 infiltration were within the same order of magnitude as those measured in situ and in the same fields 279 and treatments with the disc infiltrometer (Moret-Fernández et al., 2011 , 2013 . 280
The unique minimum observed in the T(α,n) response surface calculated from the water retention 281
curves measured with the TDR-pressure cell indicated that total number of pairs of h-θ values used 282 in the experiments was enough to provide accurate estimates of α and n (Fig. 3) . Overall, a good 283 fitting between experimental and simulated water retention curves was obtained. Significant 284 differences for the comparison between the θs, α and n values calculated from the TDR-pressure cell 285 measurements were observed among all treatments (Table 3) . 286 A significant relationship, with a slope close to one, was observed between the n values estimated 287 with the TDR-pressure cell and the corresponding values estimated from the upward infiltration 288 curves (Fig. 4a) . On average, the n values calculated from the optimized S and β data were 4.8% 289 larger than those obtained with the TDR-pressure cell. This means that the θ(h) measured with the 290 TDR-cell presented a smoother slope, which involved larger water content at more negative pressure 291 heads. As reported by Solone et al. (2012) , this difference could be due to limitations of the pressure 292 plate apparatus, when the θ was measured at high pressure heads. For instance, if the time needed to 293 stabilize the water flow inside the pressure cell was not long enough, the θ measured by the pressure 294 cell at the end of the pressure step would be larger than the actual value. On the other hand, the lack 295 of data between the lowest applied pressure head (-50 kPa) and the pressure head for θr, could give 296 more weight to the dry end of the water retention function, making softer slopes and consequently 297
lower n values. While significant differences in n values among the different soil treatments were 298 observed in the PC (Table 2 ), these differences vanished in UP (Table 3) . This different behaviour 299 between both methods could be explained by the higher standard deviation observed in UP, which 300 indicated that PC was less sensitive to the soil variability. This could be explained by the soilflooding conditions imposed in the pressure cells that may collapse the more unstable soil aggregates, 302 (Moret-Fernández et al., 2016a) , homogenize the soil porosity, and consequently, decrease the 303 standard deviation of the calculated n values. All these problems probably vanished with the upward 304 infiltration method, where the bulk soil was not waterlogged and the wetting process included all soil 305 pressure heads from the residual to the saturated water content. 306
Overall, the α values for the drying branch of θ(h) calculated from the upward infiltration 307 measurements were larger than those calculated with the TDR-pressure cell (Fig. 4b) . This means 308 that the soil with UP showed higher pore volume at the wet end of the soil water retention curve 309 (Ahuja et al., 1998) (Fig. 5) . The difference between the maximum and minimum average α values 310 measured for the five soils with the PC and the UP method were 0.021 and 0.14 cm -1 , respectively. 311
These results indicate that the UP method was more sensitive to detect differences in the α parameter.
312
This differential behaviour between both methods could be again explained by the wetting process up 313 to saturation used in the TDR-pressure cell, which may have an important influence on the structural 314 component of the soil, and consequently on the α parameter. As reported by Moret-Fernández et al.
315
(2016a), the soil waterlogged conditions in the pressure cell can collapse the more unstable 316 macropores and increase the volume of the smaller ones, causing a decrease and a homogenization of 317 the α value. Although these authors observed that this effect was more significant in freshly tilled 318 soils, this phenomenon was also evident in consolidated soils. These soil dynamics may be 319 minimized by the upward infiltration technique, where the S and β are estimated from the upward 320 infiltration curve, before the soil is saturated. This process may prevent collapsing the more unstable 321 soil pores, which resulted in increasing α values. This lack of correlation may be also due to the 322 different process considered for measuring α (wetting vs. draining), where an indirect confirmation 323 for this is given by the good correlation found for n that, as commonly known, is less affected by 324 hysteresis. The larger hysteresis index obtained in the experimental soils might also be related withthe cracks that can appear after air drying the soil or the preferential channels of the undisturbed soil 326 samples, which are not taken into account in the hysteresis models. 327 Table 2 . Average and standard deviation (within parenthesis) values of the saturated hydraulic conductivity (Ks), sorptivity (S), β parameter, and saturated (θs) and residual (θr) volumetric water content measured form the upward infiltration experiments, and the α value for a wetting (αw) and drying (αd) process and n parameters of the van Genuchten (1980) model calculated from Ks, S and β measured for the different treatments:
CT, conventional tillage; RT, reduce tillage, NT, no tillage; ngrazed natural shrubland, N; and grazed shrubland, GR. Within the same column, different letters indicate significant differences among soil treatments (p <0.05). 
